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ABSTRACT To delineate specific developmental roles of
transforming growth factor fPI (TGF-P1) we have disrupted its
cognate gene in mouse embryonic stem cells by homologous
recombination to generate TGF-fi null mice. These mice do
not produce detectable amounts of either TGF-P1 RNA or
protein. After normal growth for the first 2 weeks they develop
a rapid wasting syndrome and die by 3-4 weeks of age.
Pathological examination revealed an excessive infmmatory
response with massive infiltration of lymphocytes and macro-
phages in many organs, but primarily in heart and lungs. Many
lesions resembled those found in autoimmune disorders, graft-
vs.-host disease, or certain viral diseases. This phenotype
suggests a prominent role for TGF-PI in homeostatic regulation
of immune cell proliferation and extravasation into tissues.

Since the initial characterization of transforming growth
factor P (TGF-,B) in 1983 as a homodimeric, 25-kDa peptide,
there has been a rapid advance in knowledge of its biological
roles (for reviews, see refs. 1 and 2). TGF-13s are known to
be intimately involved in many cellular processes such as cell
proliferation and differentiation, embryonic development,
extracellular matrix formation, bone development, wound
healing, hematopoiesis, and immune and inflammatory cell
response (1, 2). The modulation ofimmune and inflammatory
responses by TGF-,Bs includes (i) inhibition ofproliferation of
all T-cell subsets, (ii) inhibitory effects on proliferation and
function of B lymphocytes, (iii) down-regulation of natural
killer cell activity and the T-cell response, (iv) regulation of
cytokine production by immune cells, and (v) regulation of
macrophage function (3-9).

Five distinct TGF-P3 genes have been identified in verte-
brates and three of these (TGF-f31, TGF-p2, and TGF-(33) are
expressed in mammals. Each of the three isoforms has been
highly conserved throughout evolution, suggesting specific
roles for each (1, 2). These three isoforms share a high degree
of amino acid sequence homology in the mature domain, are
often coexpressed and colocalized, and have qualitatively
similar actions on tissue culture cells (1, 2). Therefore, it has
been difficult to define the precise biological role ofindividual
TGF-3 isoforms. To delineate and define the specific in vivo
role of TGF-f31, we disrupted the murine TGF-,B1 gene in
embryonic stem (ES) cells by homologous recombination (for
reviews, see refs. 10 and 11). The targeted cells were sub-
sequently used to generate mice with a loss-of-function
mutation at the TGF-381 locus. Although the TGF-f31 null
mutation in the homozygous state causes some intrauterine
lethality, more than one-third of the fetuses develop to term

and appear clinically normal at birth. After 2 weeks these
mice develop a wasting syndrome and die -1-2 weeks later.
Massive inflammatory lesions are seen in many organs,
including the lungs (vasculitis, perivascular cuffing, and
interstitial pneumonia) and heart (endocarditis and myocardi-
tis), suggesting an uncontrolled inflammatory response that
leads to premature death.

MATERIALS AND METHODS
Constructs. A 5.7-kb Bgl II genomic fragment containing

the first two exons of TGF-,31 from the previously described
clone pB2 (12) was subcloned into the modified Bluescript
KS vector (Stratagene) in which the Asp 718 site was con-
verted to a Sfi I site to generate pB2-3. A 560-bp sequence
spanning part of the first exon (154 bp of coding sequence)
and intron was deleted following Asp 718 digestion of pB2-3,
and the phosphoglycerate kinase (PGK)-neomycin resistance
(neo) gene (13) was inserted. The targeting vector, pTC-1,
also contained a PGK-driven herpes simplex virus thymidine
kinase gene (PGK-HSVtk) at the 3' end (see Fig. 1). Both
marker genes also contain PGK poly(A) signals (13).
ES Cell Culture, Transfection, and Selection. The CCE ES

cell line (a generous gift from E. Robertson, Columbia
University) was cultured on mitomycin-treated STO feeder
layers in Dulbecco's modified Eagle medium supplemented
with 10% fetal calf serum (HyClone) and 10%o newborn calf
serum (GIBCO) as described (14). ES cells were grown to
70% confluency, trypsinized, and resuspended in phosphate-
buffered saline (PBS; Ca2+ and Mg2+ free) at 107 cells per ml.
Twenty micrograms of targeting vector, pTC-1, linearized at
the 5' end with Not I, was mixed with 0.8 ml of the cell
suspension and electroporated at 500 ,uF and 240 V (Bio-Rad
Gene Pulser). The cells were plated on two 10-cm Petri dishes
containing STO feeders. Selection was applied after 24 hr
with 400 ,ug of G418 (Geneticin) per ml or G418 and 2 ,uM
gancyclovir (GANC). The cells were grown for another 8-10
days with daily medium changes, and robust colonies were
counted, cloned, and expanded for further analysis.
DNA and RNA Analysis. Individual colonies and pools of

G418- and GANC-resistant CCE ES cells were screened by
"nested PCR" (15, 16) to identify the homologous recombi-
nant clones. The temperature cycles consisted of denatur-
ation at 94°C for 1 min, annealing at 600C for 1.5 min, and

Abbreviations: ES, embryonic stem; G418, Geneticin; GANC, gan-
cyclovir; GVHR, graft-vs.-host reaction; HSV-tk herpes simplex
virus thymidine kinase; neo, neomycin; PGK, phosphoglycerate
kinase; TGF-,B, transforming growth factor 3; H&E, hematoxylin/
eosin.
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amplification at 720C for 1 min. One set of40 such cycles was
used. The positions of various primers used in this assay are
shown in Fig. 1. The first set of amplification was performed
using the primers P3 (CAGAGTCTGAGACCAGCCGCCG)
and P4 (ACCTGCGTGCAATCCATCTTGTTCAATGG).
The second set of amplification was performed using the
nested primers P1 (TCACCGTCGTGGACACTCGAT) and
P2 (TCCATCTGCACGAGACTAGT) and 5 gl of a 100-fold
dilution of the amplification product from the first set.
Southern and Northern blot analyses were performed using
standard techniques (12, 17).

Generation of Chimeras and Histopathological Analysis. All
manipulations were performed using C57BL/6J recipients as
described (18). Mice were housed in a double-barrier facility.
By serological testing, the TGF-P1 (+/+), TGF-p1 (+/-),
and TGF-p1 (-/-) mice were free of antibodies to the
common murine viruses and pathogens (adenovirus, cab
bacillus, ectomellia, rotavirus, GD VII, lymphocytic chori-
omeningitis, hepatitis virus, mycoplasma, pneumonia virus
of mice, REO 3, Sendai virus, minute virus ofmice, polyoma,
mouse cytomegalovirus, parasites, and bacteria). Tissues
from 14 TGF-P1 (-/-) mice and 22 TGF-,/1 (+/+) or (+/-)
littermates were fixed in 10% neutral buffered formalin and
embedded in paraffin. Selected tissues were placed in
Bouin's fixative. Five-micron sections were cut and stained
with hematoxylin/eosin (H&E) and analyzed for histopathol-
ogy. TGF-31 was localized in formalin-fixed tissue sections
following a protocol similar to that previously described (19,
20). The rabbit TGF-(31 antibody was generated against a
peptide corresponding to amino acids 267-278 (19). Avidin-
biotin immunohistochemistry was performed on Bouin's-
fixed tissues for Mac-2 antigen (Mac-2 antibody was obtained
from the American Type Culture Collection TIB 166 hybrid-
oma culture; refs. 21 and 22) and mouse immunoglobulins
using an anti-mouse IgG antibody (Vector Laboratories
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FIG. 1. Strategy for targeted disruption of the TGF-/31 gene:
Schematic diagram showing (A) the structure of targeting vector,
pTC-1 (A), parental TGF-.31 gene (B), and the predicted structure of
the targeted TGF-/31 gene (C). The TGF-(31 exons are shown as solid
boxes, introns and the promoterless region as open boxes, and the
neo and tk sequences as hatched boxes. Sac I (S), HindIII (H), Bgl
11 (B), and Asp 718 (A) sites and distances between these sites are
indicated in the restriction map of the TGF-P1 gene. A 0.56-kb
sequence between Asp 718 sites was deleted and the neo marker gene
was inserted at the deletion. A 3-kb plasmid sequence at the 3' end
of the vector is not shown. The sizes of the Sac I and HindI1
fragments in the normal and the targeted alleles are marked by
double-headed arrows. The 5' flanking probe used for the Southern
analysis is represented by a thick line (P). The positions of the
primers used for PCR analysis are shown by the short arrows, P1-P4.
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Vectastain mouse elite kit). The antibodies were used at
optimal dilutions, which did not produce nonspecific back-
ground staining.

RESULTS
Targetin of the TGF-P3 Gene. The 5' end of the TGF-/31

gene was selected to construct the homologous recombina-
tion vector pTC-1 (Fig. 1), since there is no significant
homology between the three mammalian TGF-,# isoforms in
this region (1, 2) and the entire gene (including the 5' part that
codes for the TGF-P1 precursor) is disrupted by this ap-
proach. The vector is of the replacement type containing 5.2
kb of homology, 500 bp upstream and 4.7 kb downstream of
the neo gene inserted in exon 1. Insertion of the neomycin
resistance (neo) gene in this position disrupts the open
reading frame of the TGF-,31 gene. The 560-bp deletion in the
TGF-/31 sequences results in the loss of the Sac I site in the
first intron. In addition to the neo marker gene, the pTC-1
vector also contains the HSV-tk gene at the 3' end of the
TGF-P1 sequence for selection against random integration
events. The double selection with G418 and GANC enriches
the selection of cells that have undergone homologous re-
combination (23).

After electroporation of 8 x 107 cells and drug selection,
1700 G418-resistant clones were generated. Of these, 240
were resistant to G418 and GANC and they were screened by
nested PCR. DNAs from 5-7 clones were pooled and ana-
lyzed. Individual clones from the PCR-positive pools were
then further analyzed by PCR and confirmed by Southern
blotting. Four individual clones were PCR positive and
Southern blot analysis of genomic DNA confirmed gene
targeting of these clones. Hybridization with the 5' flanking
probe displayed the novel 6.7-kb HindIII fragment for the
disrupted allele and the 5.4-kb fragment for the wild-type
allele (data not shown). Additionally, Sac I digestion ofDNA
from the targeted clones demonstrated a novel 10-kb frag-
ment for the disrupted allele and a 5.2-kb fragment for the
wild-type allele (data not shown). A single integration event
was confirmed in all four clones by hybridization to the neo
probe and absence of any rearrangement of the targeting
vector by hybridization with the TGF-(31 internal probe (data
not shown).

Intrauterine or Premature Death of TGF-P3 (-/-) Mice.
Two of four clones generated germ-line chimeras whose
offspring were heterozygous for the disrupted TGF-431 locus.
The heterozygous mice were found to be normal and gained
weight at the same rate as the normal mice. The heterozygous
mice were then interbred to generate TGF-P1 (-/-) mice.
The distribution of mice in the first 139 pups delivered from
14 females was 48 (35%) TGF-P1 (+/+), 77 (55%) TGF-p1
(+/-), and 14(l0o) TGF-,81 (-/-), suggesting considerable
intrauterine lethality of the homozygous null genotype. Ho-
mozygosity of the disrupted TGF-,13 locus in the TGF-p1
(-/-) mice was confirmed by Southern analysis of the tail
DNA. The tail DNA from the TGF-A1 (-/-) mice showed
only the novel size fragments for the disrupted allele but not
the normal-size fragments for the wild-type allele using
HindIII and Sac I digestion (Fig. 2). The TGF-P1 (-/-) pups
had the same birth weight as that of normal or heterozygous
pups and their rate ofweight gain for the first 10-14 days was
similar to that of other littermates. However, they started
losing weight thereafter, and, by the end of 21 days, their
body weight was almost half that of their littermate controls.
The wasted TGF-,B1 (-/I-) mice had a disheveled appearance
and died by 3-4 weeks of age. The illness started before
weaning. Gross gastrointestinal manifestations (including
diarrhea) were not seen and milk was found in the alimentary
canal at death. None of the normal or heterozygous mice
exhibited these symptoms.

Genetics: Kulkarni et al.
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FIG. 2. Southern blot analysis of tail DNA from seven F2
littermates. Tail DNA preparations were digested with either HindIlI
(A) or Sac I (B) and analyzed by Southern blot analysis with a
32P-labeled 5' flanking probe. The 6.7-kb HindIll fragment and the
10.0-kb Sac I fragment representing the targeted alleles are marked
with the solid arrowheads. These fragments consistently hybridized
to the neo probe. Lane 1 in the HindIlI digest and lane 5 in the Sac
I digest show a weak signal.

The Disrupted TGF-,81 Locus Represents a NulO Aflele. The
disruption of the TGF-p1 locus and lack of TGF-,B1 expres-
sion were further confirmed by Northern analysis of the
mRNA levels in several tissues (Fig. 3). As a control, TGF-,83
mRNA expression was examined and it was found to be
similar in the TGF-j31 (-/-) mouse (except in the spleen) and
the littermate controls. The steady-state mRNA levels of
TGF-/32 were not substantially altered either (data not
shown). All of the tissues analyzed failed to show any
detectable TGF-f31 message even though expression in
TGF-31 (+/+) and TGF-,B1 (+/-) mice was high. Several
tissues from three mice (same litter) representing all geno-
types [TGF-P1 (+/+), TGF-f1 (+/-), and TGF-P1 (-/-)]
were analyzed by immunohistochemistry using specific an-
tibody to TGF-f31. The TGF-,31 protein was not present in any
of the tissues examined from the TGF-/31 (- /-) mouse (e.g.,
see Fig. 4 H and I for pancreas; data for other tissues not
shown) when compared with negative controls [TGF-Pf
(+/-) samples stained with normal rabbit serum IgG].
TGF-f31 levels were also measured in acid/ethanol extract of
whole blood (normally blood platelets are a rich source of
TGF-,81) from another TGF-13 (-/-) mouse (different litter)
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FIG. 3. TGF-,B1 mRNA levels in heart, lung, spleen, and kidney
of the TGF-(31 (+/-), TGF-,81 (-/-), and TGF-(31 (+/+) litter-
mates. Fifteen micrograms of total RNA was loaded on the gel and
subjected to Northern blot analysis with 32P-labeled TGF-f81 and
TGF-f83 cDNAs and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) probe. GAPDH levels were similar for all genotypes in
each tissue. A longer exposure was used to estimate this in lungs and
spleen.

and compared with levels in a littermate control [TGF-f3l
(+/+)] using a quantitative sandwich ELISA (24). The
TGF-,B1 (-/-) mice had undetectable TGF-/1 levels (at least
100-fold lower than the control and detection limit of the
assay was 0.5 pmolar; David Danielpour, personal commu-
nication).

Pathological Changes Indicate an Excessive Inflammatory
Response. Pathological examination of 14 TGF-,B1 (-/-)
mice between ages 10 and 21 days revealed massive inflam-
matory lesions in many organs. All animals had lesions in the
heart and lungs (Fig. 4 A-G) but involvement of other organs
was variable from one mouse to another. Lesions were also
found in spleen, mediastinal lymph nodes, pancreas, colon,
and salivary glands (sialoadenitis) of the TGF-,B1 (-/-) mice
but not the TGF-p1 (+/-) or (+/+) littermates. In the heart
(Fig. 4 D-G), these lesions included atrial endocarditis and
myocarditis in all TGF-P1 (-/-) mice studied, with peri-
carditis and atrial thrombosis in some cases. In the lungs,
lesions included vasculitis (phlebitis) and interstitial pneu-
monia (Fig. 4 A-C). In the mediastinal lymph nodes and
spleen there was proliferation of immunoblasts and lympho-
blasts in B- and T-cell zones (data not shown). Vascular and
focal inflammatory lesions were also seen in the pancreas of
two TGF-,81 (-/-) mice and the salivary glands of several
TGF-,31 (-/-) mice (data not shown). Some mice had mild
colonic and gastric necrosis. However, renal glomeruli and
other areas of the kidney were normal. The inflammatory
infiltrates seen in most tissues were generally composed of
large macrophages (Fig. 4 A, B, E, and F), small lympho-
cytes, immunoblasts (Fig. 4 B and C), and some plasma cells.
Histopathological analysis of the inflammatory lesions in the
TGF-f31 (-/-) mice did not reveal significant numbers of
neutrophils. In the heart of one mouse, syncytial cells of the
mononuclear phagocyte were seen (Fig. 4F). Rare syncytial
bronchial epithelial cells were seen in the lungs of two mice.
In Bouin's-fixed tissues, cardiac and pulmonary lesions con-
tained predominantly Mac-2-immunoreactive macrophages
using avidin-biotin immunohistochemistry and mouse mono-
clonal Mac-2 antibody (Fig. 4G). With biotinylated anti-
mouse IgG, we demonstrated immunoglobulin-containing
cells in lung (Fig. 4C), heart lesions, spleen, and mediastinal
nodes (data not shown). Normal mice of this age have few of
these inflammatory cells in these tissues. Nucleoli and nu-
cleoli-like bodies of the inflammatory macrophages were
often large and resembled intranuclear inclusions caused by
some DNA viruses (25). No significant histological lesions
were seen in the small intestine, thymus, most connective
tissues, brain, skin, and bone marrow. The bone marrow cells
were cytologically normal without evidence of malignant
transformation, and hyperplasia was not detected histologi-
cally.

DISCUSSION
We have generated transgenic mouse lines with a null mu-
tation at the TGF-f31 locus by gene targeting in ES cells.
Neither TGF-,81 mRNA nor protein can be detected in the
TGF-P1 (-/-) mice, indicating that we have successfully
generated a TGF-,31 null mutant. Less than half of the
expected number ofTGF-,31 (-/-) mice are born, suggesting
considerable intrauterine lethality. The TGF-31 (-/-) mice
have widespread inflammatory reaction in multiple organs
causing cardiopulmonary death at -3-4 weeks of age due to
the profound pathology in heart and lungs. This phenotype
suggests a prominent role for TGF-,31 in homeostatic regu-
lation of immune cell proliferation and extravasation into
tissues.
The histopathology associated with the TGF-,Bl (-/-)

phenotype suggests that the absence ofTGF-,B1 in these mice
may facilitate a generalized activation of the immune system
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FIG. 4. Histopathological analysis on lung and heart tissues of TGF-.81 (-/-) mice and littermate controls and immunohistochemical
detection of TGF-fi1 in pancreas. (A) Lung of a TGF-181 (-/-) mouse showing severe phlebitis with perivascular cuffing and interstitial
pneumonia. Note arterial wall (arrow) is normal. (H&E; x70.) (B) Lung from a TGF-/3,1 (-/-) mouse showing phlebitis. Inflammatory cells
are lymphocytes and macrophages. (H&E; x175.) (C) Immunohistochemistry for mouse IgG with Bouin's-fixed lung from the TGF-j1 (-/-)
mouse. Perivascular inflammatory cells include plasma cells (arrows) and lymphocytes. (Hematoxylin; x175.) (D) Heart of a TGF-31 (-I-)
mouse showing endocarditis and myocarditis. Inflammatory cells are predominantly macrophages (arrows). (H&E; x 175.) (E) Heart ofa TGF-p1
(-/-) mouse showing myocarditis and endocarditis. Note lymphocytes and macrophages (arrows) in the lesion. (H&E; x175.) (F) Myocarditis
of the TGF-31 (-/-) mouse. Mononuclear inflammatory cells include some syncytial cells (arrows). (H&E; x280.) (G) Immunohistochemistry
of endocardial and myocardial lesions in a TGF-P13 (-/-) mouse showing Mac-2 expression in cytoplasm and nucleus of mononuclear cells
(arrows). (Hematoxylin; x 175.) For immunohistochemistry, sections were stained with an anti-TGF-P, antibody as described in the text. (H
and 1) Acinar cells in the pancreas are positive for TGF-.81 in the TGF-131 (+/-) mouse (H), whereas no staining is detected in these organs
of the TGF-(31 (-/-) mouse (I). No staining was observed in these sections using normal rabbit serum IgG at 3 ,ug/ml. (Stained with peroxidase
and counterstained with Mayer's hematoxylin; x 180.)

by stimuli that are unable to provoke disease in normal
littermates. This is consistent with the reported role of
TGF-41 as a potent immunosuppressor (9). Since TGF-l3 is
known to antagonize the activity of interleukin (IL) 1, tumor
necrosis factor a, interferon y, and IL-6, the TGF-,31 (-/-)
mice are expected to have increased activity of these proin-
flammatory cytokines. Moreover, lack ofTGF-P1 may cause
dysregulation of the production of immunosuppressive cyto-
kines such as IL-4 and IL-10. Collectively, this may result in
an uncontrollable proinflammatory cytokine cascade. In-
creased cytolytic functions of cytotoxic T cells, lymphokine-
activated killer cells, and natural killer cells are also likely to
be a contributing factor here since these functions are nor-
mally inhibited by TGF-(1. In addition, the aberrant infiltra-
tion of inflammatory cells into tissues may result, in part,
from loss of suppressive effects ofTGF-P1 on endothelial cell
adhesiveness for neutrophils and lymphocytes (26, 27).
The trigger for the inflammatory response is unclear at

present (autoimmune in nature or viral infection). Some of
the inflammatory lesions (vasculitis, interstitial pneumonia,
sialoadenitis) found in the TGF-P1 (-/-) mice resembled
those caused by murine pathogens such as pneumonia virus
of mice, Kilham rat virus, minute virus of mice, and Sendai
virus (25) and lesions found in immunological diseases (graft

vs. host disease). Although there are several known murine
viruses that cause minimal disease in normal mice (25), none
of the lesions found in the TGF-,1 (-/-) mice is pathogno-
monic for any known viral infection in normal mice. Graft-
vs.-host reaction (GVHR) in mice produces lesions that
resemble those in TGF-,B1 (-/-) mice, but they typically
exhibit different patterns and occur in different organs (28-
30). Common sites of GVHR lesions not found in TGF-f1
(-/-) mice include renal glomeruli, thymus, liver, skin, and
bone marrow. In an animal model of autoimmune disease,
experimental autoimmune encephalomyelitis, systemic ad-
ministration of antibodies specific for TGF-,B1 identified a
role for endogenous TGF-,/1 in suppression of the disease
(31). In this same model, immunohistochemical staining for
TGF-(31 has been demonstrated in foci of inflammatory brain
lesions (32, 33). These findings suggest that the inability of
TGF-p1 (-/-) mice to express the growth factor may result
in abnormal sensitivity to autoantigens and ultimately to the
lethal phenotype observed.
TGF-,B has been implicated in implantation of embryos in

the uterus and all three isoforms are expressed in embryos as
early as the four-cell stage (34-36). Our data suggest that an
absence of TGF-f31 in the embryos does not preclude implan-
tation, although impairment of this function and possibly also

Genetics: Kulkarni et al.
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of other unknown functions of TGF-.31 in the very early
stages of embryogenesis may contribute to the lower birth-
rate of TGF-p1 (-/-) mice observed. It is also possible that
TGF-P2 and TGF-f33 can substitute for some of these roles of
TGF-/31 early in embryogenesis (34) even though analysis of
TGF-,#2 (data not shown) and TGF-f33 mRNA levels in
surviving TGF-p1 (-/-) mice did not show enhanced ex-
pression. TGF-/31 may also be important at later stages of
gestation. The difference in survival may be influenced or
determined by the precise genetic background of the TGF-#i
(-/-) or their mothers due to genotype variations at loci
other than TGF-f31. At the present time it is not clear when
and how the losses occur during intrauterine development.

In conclusion, the TGF-f31 (-/-) mice represent a distinct
phenotype and provide a valuable animal model to study the
role of TGF-P# in various physiological and pathological
processes such as inflammation, tissue repair, autoimmune
disease, and allograft rejection (the latter two if cytokine or
other treatment can lengthen their life span). Beyond these
studies, the null mice could be used to study selective aspects
of TGF-,B function, such as the respective functions of each
of the three mammalian isoforms, as could be done with
replacement therapy with each ofthe isoforms. Furthermore,
one can now consider the development oftissue-specific gene
replacement therapy that would allow study ofthe physiology
and pathology of TGF-f31 in specific organs.

Note. A similar paper (37) was published while this paper was in the
process of review.
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